Gene transfer into HSCs is an effective treatment for SCID, although potentially limited by the risk of insertional mutagenesis. We performed a genome-wide analysis of retroviral vector integrations in genetically corrected HSCs and their multilineage progeny before and up to 47 months after transplantation into 5 patients with adenosine deaminase-deficient SCID. Gene-dense regions, promoters, and transcriptionally active genes were preferred retroviral integrations sites (RISs) both in preinfusion transduced CD34 + cells and in vivo after gene therapy. The occurrence of insertion sites proximal to protooncogenes or genes controlling cell growth and self renewal, including LMO2, was not associated with clonal selection or expansion in vivo. Clonal analysis of long-term repopulating cell progeny in vivo revealed highly polyclonal T cell populations and shared RISs among multiple lineages, demonstrating the engraftment of multipotent HSCs. These data have important implications for the biology of retroviral vectors, the dynamics of genetically modified HSCs, and the safety of gene therapy.
Introduction
Transplantation of genetically modified HSCs is an effective treatment for inherited blood disorders, such as SCID resulting from lack of common γ chain (γc) receptor (X-linked SCID; SCID-X1) (1, 2) , adenosine deaminase-deficient SCID (ADA-SCID) (3) , and chronic granulomatous disease (CGD) (4) . Gammaretroviral vectors derived from the murine leukemia virus (MLV) are widely used to deliver therapeutic genes into human HSCs (5) because of their capacity to stably integrate into the cell genome. In addition to their therapeutic function, stably integrated proviruses represent a unique biomarker to study the biology, dynamics, and clonality of HSCs and their progeny after transplantation. Studies in human cell lines (6) (7) (8) and animal models (9) (10) (11) have indicated that MLVderived vectors integrate in a nonrandom fashion into the host genome, favoring transcriptionally active genes, CpG islands, and transcription start sites (TSSs) (12) . Recent studies have associated retroviral integrations at sensitive genomic sites to clonal expansion of hematopoietic progenitors. Retroviral insertions leading to activation of the MDS1-EVI1 locus have been described in murine models (13, 14) and in dominant hematopoietic clones after gene therapy (GT) for CGD (4) . The occurrence of leukemia-like lymphoproliferative disorders in 3 patients with SCID-X1 treated by GT (15) has been associated with insertional activation of the protooncogene LMO2 (16) , although there is increasing evidence that the γc gene product might have contributed to the establishment or progression of the malignancies (17, 18) .
We showed previously that transplantation of autologous, MLVtransduced CD34 + HSCs combined with low-dose busulphan conditioning results in immunological and metabolic reconstitution in patients with ADA-SCID, without requirement for enzyme replacement therapy (3) . ADA is a housekeeping enzyme of the purine metabolic pathway (19) , and its constitutive expression provides an appropriate model for assessing the role of vector-mediated insertional oncogenesis in human HSCs. On the other hand, the selective growth advantage of ADA + lymphocytes in an ADA-deficient context (20) might favor retrovirally transduced cells containing insertions that allow sustained transgene expression.
Here, we provide a genome-wide analysis of retroviral integration sites (RISs) in BM-derived, ADA-deficient CD34 + cells before transplantation and in their myeloid and lymphoid progenies 1.5-47 months after transplantation into 5 patients with ADA-SCID. Our data revealed similar patterns of integration into the human genome before and after transplantation, with a preference for gene-dense regions, TSSs, and highly expressed genes. In addition, they allowed us to gain information on the clonality and dynamics of the transplanted cells that ultimately affect the safety and long-term efficacy of GT for ADA-SCID. tation into 5 patients with ADA-SCID (Pt1-Pt5). The patients received 0.9 to 9.4 × 10 6 BM CD34 + cells/kg transduced with an ADA-expressing MLV vector after low-dose conditioning with busulphan, as previously described (3) . All patients showed multilineage engraftment of ADA-transduced hematopoietic cells, which resulted in immunological and metabolic correction with marked clinical improvement. The proportion of vector-containing cells ranged from 70% to 100% in T cells and from 0.7% to 16% in granulocytes, with the exception of Pt2, who displayed low myeloid engraftment (<0.1%; ref. 3 and A. Aiuti, unpublished observations). No adverse events related to gene transfer were observed in a follow-up with a median of 3.1 years (A. Aiuti, C. Bordignon, and M.G. Roncarolo, unpublished observations).
Vector-genome junctions were cloned from pretransplant transduced CD34 + cells (in vitro) or hematopoietic cells after GT (in vivo) by inverse or linker-mediated PCR (LM-PCR), sequenced and mapped onto the human genome. Overall, 212 in vitro and 496 in vivo RISs could be unambiguously assigned to a chromosomal position (for the complete list of RISs, see Supplemental Data Files 1-3; supplemental material available online with this article; doi:10.1172/JCI31666DS1). The distribution of RISs with respect to RefSeq genes is shown in Table 1 . RISs within the transcribed portion of genes were more represented in the in vitro than in the in vivo sample (50.9% versus 41.3%, P = 0.03), at a frequency not significantly different than that observed in a collection of 398 control sequences randomly cloned by LM-PCR (37.9%). Exons were rarely hit, both in vivo (2.0%) and in vitro (0.5%), in agreement with the overall occupancy of coding sequences in the human genome (1.8%). RISs less than 30 kb upstream of a gene were overrepresented with respect to those less than 30 kb downstream and were more frequent in vivo than in vitro in the 10-kb region upstream of the TSS (Table 1 ). In addition, both samples contained a high proportion of RISs landing within a 5-kb window on either side of the nearest TSS (Table 1 and Figure 1A ) and showed a distribution significantly different from random after normalization for gene length (Supplemental Figure 1A) .
A strong preference of RISs for gene-dense chromosomal regions was observed in both pre- and posttransplant samples, with 66.1% and 70.6% of RISs, respectively, landing in regions containing greater than 10 genes/Mb compared with the expected frequency of 24.7% (P < 0.001; Figure 1B) . Accordingly, RISs retrieved from both samples were unevenly distributed in human chromosomes, and their frequencies directly correlated with the number of genes per chromosome (Supplemental Figure 1B) .
LMO2 is a recurrent RIS in CD34 + cells, but is not associated with clonal selection in vivo. Overall, 18 of the 295 RefSeq genes targeted by an RIS were hit twice within their transcribed portion (Supplemental Table 1A ). Thirty-two additional hot spots were identified by the occurrence of at least 2 independent RISs within arbitrarily chosen windows of 30 kb (2 hits), 50 kb (3 hits), or 100 kb (≥4 hits) (ref. 20 and Supplemental Table 1B) . Overall, 14.6% (31 of 212) of in vitro RISs and 15.9% (79 of 496) of in vivo RISs were classified as hot spots. The most frequently hit genes (≥3 times) encoded a protein kinase (DYRK1A), a putative RNA-binding protein (RNPC1), and a cell-cycle regulator (CCND2) or were involved in tumor-associated chromosomal translocations (BCL2, BLM, or LMO2; Figure 2A) .
LMO2 was overall the most frequently hit locus, with 1 RIS cloned from pretransplant CD34 + cells (Pt5), 2 from granulocytes (Pt5), and 3 from T cells (Pt1, Pt3, Pt4; Figure 2A ). Three RISs clustered in a 39-bp region 39.2 kb upstream of the TSS (S3_042, S5_144, and S5_P048), while the others were located 15 kb upstream (S4_048), 1.3 kb upstream (S1_049), and inside the second intron (S5_163, Pt5; Figure 2A ). To assess the relative contribution of clones carrying LMO2 insertions, we measured the frequency of 4 RISs by sequencespecific real-time PCR. Three RISs were detected in T cells from Pt1 (S1_049), Pt3 (S3_049), and Pt4 (S4_048) from 6 to 60 months after GT at levels fluctuating between 0.03% and 0.7% of the total CD3 + populations ( Figure 2B ). These frequencies are comparable to those observed for 2 nonrecurrent insertions in T cells from Pt3 ( Figure  2B ). Of notice, RIS S1_049 became undetectable at the latest time of observation, 6 years after GT. RIS S5_144 was undetectable in T cells and at the limit of PCR sensitivity in granulocytes (0.01%) from Pt5 ( Figure 2B ). To assess whether the presence of LMO2 insertions could result in gross abnormalities in LMO2 gene expression, we measured mRNA levels in purified cell populations from both untreated and treated patients with ADA-SCID as well as from healthy controls. We observed no difference in LMO2 expression in purified bulk T cell subsets compared with normal controls (Figure 2C ). LMO2 expression in granulocytes was higher in untreated patients with ADA-SCID than in healthy controls, and did not increase in granulocyte samples from treated patients.
RISs favor genes active in CD34 + and T cells. To correlate retroviral integration preferences with transcriptional activity at the time of gene transfer, we analyzed the gene expression profiles of cytokine- Figure 3A ). One-fourth of the RISs upstream of the TSS hit genes in the highest gene expression class, suggesting that highly active promoters are preferentially targeted by retroviral vectors in CD34 + cells. A similar tendency, although less pronounced, was observed in the posttransplant sample ( Figure 3A ). Of interest, hot spot genes were on average more expressed compared with the whole-chip distribution (63.3% versus 42.8%), with a strong overrepresentation of highly expressed genes (21.1% versus 10.7%, P < 0.005; Figure 3A ). We also investigated whether the expression characteristics of a hit gene could influence the in vivo behavior of transduced T cells. The gene expression profile of purified T cells was determined and divided into arbitrary expression categories as described above ( Figure 3B ). Hit genes were expressed at a significantly higher frequency (53.1% versus 43.3%, P < 0.01) and enriched in the high expression category (intragenic hits, 14.0% versus 10.8%, P < 0.05; hits <10 kb from TSS, 22.7% versus 10.8%, P < 0.005). These data suggest that the selective pressure for vector-derived ADA expression favors the survival of T cells carrying insertions in the proximity of transcriptionally active regions.
Functional clustering analysis of hit genes before and after transplantation. To understand whether the bias observed in the genomic distribution of RISs was associated to in vivo selection of specific integration events, we carried out a functional clustering of genes targeted by retroviral integration based on their gene ontology (GO) classification (21) . The expected distribution of genes among the different GO families was compared with the observed distribution of genes hit by RISs (within or ±30 kb from genes) in the in vitro and in vivo samples. The analysis showed a tendency for a modest, but not statistically significant, overrepresentation of several gene categories in the pretransplant transduced CD34 + cell sample ( Figure 4 ). The posttransplant data set displayed a similar profile, with the exception of a slight but significant increase in the frequency of genes encoding protein-binding factors ( Figure 4) .
RISs shared among different hematopoietic progenies indicate transduction of multipotent stem cells. Among the 496 RISs isolated from in vivo
samples from 5 patients, 124 came from highly purified granulocytes, 399 from T cells (per-patient range, 42-121), and 10 from other cell types (Supplemental Table 2 ). Using RISs as a marker of cell clonality, we found that T cell populations remained polyclonal throughout the follow-up ( Figure 5 , A and B, and Supplemental Figure 2 ), in agreement with the polyclonal TCR repertoire observed in the same samples (data not shown). This heterogeneity was confirmed by the analysis of 49 T cell clones generated ex vivo from Pt2 and Pt3 18 months after GT, 38 of which had distinct RISs. T cell clones displayed high TCR diversity and carried either 1 (84%) or 2 (16%) vector copies per cell. In contrast, granulocytes showed a more oligoclonal pattern by gel electrophoresis analysis ( Figure 5A ), with fewer but stable RISs retrieved by random cloning in 4 patients (range, 6-84; Supplemental Table 2) .
Furthermore, the analysis performed in various hematopoietic lineages revealed the presence of shared integrants between myeloid (granulocytes) and lymphoid (T and/or B) cells in Pt3 (n = 9) and Pt4 (n = 4), with RISs retrieved more than once during the followup ( Figure 5B ). In Pt5 we compared in vitro RISs at early (day 45) and late (day 180 or later) time points after GT and observed a progressive restriction in the complexity of the integration pattern, as expected, due to a progressive loss of transduced committed progenitors after GT. In addition, later clones tended to contain more promoter-proximal and less intragenic integration events, as observed for the bulk of RISs after GT (Supplemental Table 3 ).
Discussion
Our study provides a comprehensive analysis of the profile of RISs in hematopoietic cells before and after transplantation into patients with ADA-SCID. Clonal analysis in the T cell compartment demonstrated a high number of distinct insertion sites, in agreement with the complexity of the T cell repertoire following immune reconstitution in all patients. Fewer RISs were retrieved in the myeloid compartment compared with T lymphocytes, reflecting the 1-2 log difference in hematopoietic cells versus lymphoid engraftment observed in these patients (ref. 3 and A. Aiuti, unpublished observations). The presence of shared integrants between myeloid and lymphoid cells in 2 patients confirmed that the gene transfer protocol combined with low-dose chemotherapy is adequate to achieve engraftment of genetically corrected, multipotent hematopoietic cells. Overall, 13% of the RISs identified in granulocytes more than 6 months after GT were detected also in lymphoid cells by random cloning. A systematic approach of clone-specific tracking would be useful to determine the actual frequency of multipotent hematopoietic cells versus long-lived lineage-specific progenitors. Our results differ from those obtained in nonmyeloconditioned patients with ADA-SCID (23, 24) , which showed poor engraftment of transduced hematopoietic cells and as few as 1 progenitor cell clone contributing to long-term T lymphopoiesis (24) . On the other hand, preconditioning is not an absolute requirement for hematopoietic cell engraftment, because progenitor cell clones with myeloid and lymphoid potential have been detected at low frequencies in the SCID-X1 GT trial (25) .
Our analysis revealed a nonrandom distribution of in vitro-integrated proviruses, with a strong preference for TSSs and gene-dense regions and a tendency to hit genes that are highly expressed in CD34 + cells at the time of transduction. The bias toward highly expressed genes observed in previous studies (9, 12, 26) may be related to the preferential interaction of the viral integrating machinery with factors associated with transcriptionally active genes (8) . A similar profile was detected in long-term engrafted hematopoietic cells analyzed in vivo with an additional tendency to favor integrations near TSSs. This may reflect a growth advantage for clones expressing adequate ADA levels, in which RISs near promoters could increase the chance of productive interaction between the vector and the cell transcriptional machinery. Indeed, RISs retrieved from T cells were enriched for highly expressed genes, suggesting the occurrence of in vivo selective pressure for vectorderived ADA expression. Alternatively, retroviral insertions might have influenced the expression of genes involved in cell expansion or clonal dominance. This explanation appears unlikely because, in contrast to previous reports in animal models (11, 14) , we observed no in vivo skewing toward RISs in genes controlling crucial steps in self renewal or survival of HSCs, such as cell cycling, proliferation, or signal transduction. Thus, the 3- to 4-fold potential increase in the genotoxic risk predicted by the nonrandom genomic distribution of RISs appears to have a limited impact in patients with ADA-SCID, confirming that the actual risk of insertional oncogenesis is several orders of magnitude lower than the simple risk of hitting a potential oncogene (10 -3 to 10 -2 ) (27) .
A comparison of our RIS collection with that of a recently reported CGD GT trial (4) reveals that 9.7% of the RISs we detected in vitro (n = 24) or in vivo (n = 46) are in and/or near the same genes. Interestingly, we detected only 1 RIS inside the MDS1-EVI1 locus (S3_067; see Supplemental Data File 1), which became undetectable at later time points by sequence-specific PCR. This is in contrast with the observation that the MDS1-EVI1 locus was overrepresented (1.9% of the total events) in a preclinical study in primates (28) and associated with clonal dominance in the CGD trial (4). Two factors might have contributed to this difference in our trial: (a) the use of BM-derived CD34 + cells, which have different properties (expression of retroviral receptors, phenotype, cell-cycle status) compared with the mobilized peripheral blood CD34 + cells used in the studies of patients with CGD and primates; and (b) the use of a long-terminal repeat (LTR) with substantially less enhancer activity in HSCs and myeloid cells compared with that of the spleen focus-forming virus (4) used in the CGD trial.
In addition, 34 RISs (4.8%) from our samples are in common with a collection of 322 RISs retrieved from peripheral blood T lymphocytes transduced with an MLV-derived vector (26) . Overall, these results reveal the existence of a common fingerprint of vector insertions in human cells, which should be further defined in larger collections of RISs and in multiple GT trials.
A striking finding of our study is the overrepresentation of RISs in the proximity of CCND2 and LMO2 genes. In both cases, 2 RISs were found in granulocytes (of 124 total independent RISs) and 3 in T cells (of 399 RISs) in vivo after transplantation. Of interest, CCND2 and LMO2 insertions were found at relatively high frequencies also in vivo in T cells isolated from the French SCID-X1 trial (CCND2, 9 RISs; LMO2, 5 RISs; ref. 29) . LMO2 insertions were also identified in the peripheral blood cells (2 of 765) of GT-treated patients with CGD (4). These findings may reflect a potential growth advantage associated with the clones carrying such RISs. However, in our study, CCND2 insertions were detected by random sequencing only in the first 2 years of follow-up and not later, suggesting the lack of selective pressure for the expansion of these clones. Moreover, RISs in the proximity of LMO2 were also overrepresented in the pretransplant CD34 + cell sample (1 of 212) and in a separate collection of RISs from cord blood-derived CD34 + cells (2 of 595; ref. 30) . These data indicate that the LMO2 gene is a hot spot for retroviral integration in human CD34 + cells. Because LMO2 is highly expressed in CD34 + cells and lies in a gene-dense region, this bias may just reflect the general preferences of gammaretroviral vectors. However, specific properties of the LMO2 locus, such as binding of transcription factors or other chromatin characteristics, may further increase its targeting by the retroviral vector integration machinery. Indeed, the LMO2 locus (11p13) is a fragile chromosomal site (FRA11E) (31) and is a major site of aberrant trans-V(D)J recombination between immune loci in thymocytes (32), a typical marker of genomic instability.
The lack of in vivo expansion of clones carrying LMO2 RISs indicates that insertions in potentially dangerous genomic sites are not sufficient per se to induce a proliferative advantage in T cells in vivo, confirming that multiple cooperating events are required to promote oncogenic transformation in humans (33) . It is tempting to speculate that the difference between the ADA-SCID and the SCID-X1 studies may be related to the SCID-X1 genetic background (34) or to the role of the therapeutic transgene, where ADA is a housekeeping enzyme and γc a potentially oncogenic growth factor receptor (17, 18) , although the oncogenicity of IL2RG has been recently challenged (35, 36) . On the other hand, we could not provide conclusive evidence that the RISs detected in our patients with ADA-SCID influenced LMO2 expression at single-cell levels. The probability for a retroviral vector insertion to induce over-expression of a proximal gene was estimated to be 20% in the context of T cells (26) . However, we were unable to isolate T cell clones containing LMO2 RISs to directly test this hypothesis in our patients.
In summary, our data show that transplantation of ADA-transduced HSCs does not result in in vivo selection of expanding or 
Figure 4
Functional clustering of targeted genes by GO. The probesets of genes targeted (inside and within 30 kb) by retroviral insertion were classified in accordance with GO criteria. Each bar refers to the percentage of all targeted probesets falling within a specific gene category. The difference between groups was tested by both Fisher exact test and EASE score, corrected for multiple comparisons with the Bonferroni-Holm correction. The only difference was revealed for in vivo sample versus expected in "protein binding" category (*P = 0.022, Fisher exact test; P = 0.034, EASE score). No major differences were observed in RIS distribution and hierarchical clustering between lymphoid and myeloid cells. malignant cell clones, despite the occurrence of insertions near potentially oncogenic loci. These results, combined with a relatively long-term follow-up of patients, indicate that retrovirally mediated gene transfer for ADA-SCID has a favorable safety profile. GT of other genetic diseases may require the development of safer gene-transfer tools, such as self-inactivating lentiviral or retroviral vectors and the use of physiologically controlled gene expression cassettes. (except Pt2, taken orally) total dose was administered on days -3 and -2 relative to CD34 + cell infusion, as previously described (3) .
Methods
Purification of cell subsets from peripheral blood and BM. Blood and/or BM samples were obtained from of patients with ADA-SCID and age-matched healthy controls after parents of patients gave informed consent following standard ethical procedures and with approval of the San Raffaele Scientific Institute and Hadassah University Ethical Committee. Mononuclear cells from peripheral blood and BM samples were isolated by density gradient centrifugation on Ficoll-Hypaque. The peripheral blood granulocyte fraction was enriched by consecutive separations on dextran and FicollHypaque gradient. Thereafter, the different subpopulations were isolated by immunomagnetic technique using antibody-coated microbeads (Miltenyi Biotec) and fluorescence-activated cell sorting using fluorescine-labeled antibodies (FACS Vantage; BD Biosciences). The following monoclonal antibodies were used for positive selection: anti-CD15 (granulocytes), anti-CD19 (B cells), anti-CD61 (megakaryocytes), anti-glycophorin A (erythroid cells), anti-CD56 (NK cells), anti-CD3 (T cells), anti-CD4 (CD4 + T cells), anti-CD8 (CD8 + T cells). Two steps of purification were performed to increase the purity to greater than 98%-99%.
DNA purification and quantitative PCR for vector-positive cells. Genomic DNA was extracted from purified cells using QIAamp DNA Blood Mini kit (QIAGEN) or after proteinase K digestion for fewer than 10 5 cells. Quantitative PCR analysis for vector positivity was performed as previously described (3). Briefly, 2 sets of primers and probes specific for the Neo R gene and GAPDH were used to detect transduced cells and standardize for DNA content, respectively. The frequency of transduced cells was calcu-
Figure 5
Vector clonal composition in distinct hematopoietic lineages after GT. (A) Clonal analysis by LM-PCR and I-PCR in purified CD3 + T cells and CD15 + granulocytes from 5 patients with ADA-SCID treated with GT. Nested PCR products were analyzed by electrophoresis on acrilamide gels with a 100-bp ladder as a marker (M). In Pt2, who received a low CD34 + cell dose and displayed poor myeloid engraftment (<0.1%), no RISs could be isolated from multiple samples of granulocytes, thus confirming the lack of potential contamination from T cells. The following representative time points are shown for LM-PCR in T cells: Pt1, 20 months; Pt2, 39 months; Pt3, 26 months; Pt4, 22 months; Pt5, 9 months. The following representative time points are shown for LM-PCR in granulocytes: Pt1, 47 months; Pt3, 33 months; Pt4, 22 months; Pt5, 12 months. The following representative time points are shown for I-PCR in granulocytes: Pt1, 5 months, Pt3, 26 months; Pt4, 4 months; Pt5, 3 months. (B) Evidence for common integrants identified in different cell subpopulations during long-term follow-up. Each RIS from Pt1, Pt2, Pt3, or Pt4 is identified by a unique number. The circles indicate the presence of a specific RIS detected after 6 months of follow-up at 2 or more different time points by random cloning in the indicated population. Numbers in red text refer to the number of independent RISs retrieved by random cloning for the time points in which ≥30 colonies were analyzed. The random cloning analysis in Pt1 (47 months) and Pt3 (33 months) T cells was not carried out because the material was not available. In Pt5, 1 common integration site was detected in T cells at 6 and 8 months after GT. The presence of common integrants was confirmed in selected cases by sequence-specific PCR, which allowed us to unequivocally track integrants in different lineages. lated using a standard curve and expressed as the proportion of cells containing the Neo R reporter gene.
Cloning and analysis of RISs. In order to avoid potential biases related to the use of restriction enzyme or amplification steps, 2 different techniques were used for analysis of RISs: inverse PCR (I-PCR) and LM-PCR. I-PCR was performed by a modification of previously described primers and PCR conditions (37) . Briefly, 50 ng of genomic DNA was digested with TaqI, and the LTR-containing fragments were self-ligated and subjected to 2 rounds of amplification using the following LTR-specific primers: forward, 5′-CTGTTCCTTGGGAGGGT-3′; reverse, 5′-AGGAACTGCTTACCACA-3′; nested forward, 5′-GCGTTACTTAAGCTAGCTTG-3′; nested reverse, 5′-GATTGACTACCCACGACGGG-3′.
Reaction conditions were identical for the first and second rounds of PCR: denaturation at 94° for 1 minute, 50° annealing for 1 minute, and 72° extension for 1.5 minutes for a total of 29 cycles. For LM-PCR, 200 ng of genomic DNA were digested with PstI and MseI, to prevent amplification of an internal viral fragment from the 5′LTR, and ligated to an MseI double-strand linker. Nested PCR was performed with LTR- and linkerspecific primers as previously described (6) . The resultant PCR products were shotgun cloned without purification with the PCR 2.1 TOPO TA cloning kit (Invitrogen) and transformed into libraries of vector-integration junctions. Alternatively, nested PCR products were separated either on 2% agarose or on Spreedex gels (Elchrom Scientific), excised, and directly sequenced. Proviral insertion site sequences were aligned to a downloaded version of the human genome (NCBI Entrez Genome, version 35) using the Ensembl database (http://www.ensembl.org/). Mapped RISs were selected for analysis only if they contained the correct LTR- and primer-specific sequences and yielded a unique best hit with at least 95% identity with the human genome. We sequenced 653 RISs from samples obtained after GT, 496 of which were unambiguously assigned to a chromosomal position (in vivo samples). The remaining 157 sequences could not be mapped because of their short length or the presence of repetitive sequences. In parallel, we cloned 361 RISs from transduced BM CD34 + cells of 4 patients with ADA-SCID (Pt2, Pt3, Pt4, and Pt5) before infusion and identified 212 unique RISs (in vitro samples). Random genomic sequences originated by LM-PCR (genomic MseI-MseI, PstI-MseI fragments) were mapped as well and used as controls. The average length of generated fragment was 187 bp for I-PCR (range, 17-893 bp) and 82 bp for LM-PCR (range, 15-474 bp).
There was no statistical difference in the frequency of RISs hitting genes with the 2 methods, but I-PCR retrieved RISs greater than 10 kb upstream from a gene more frequently than did LM-PCR (P = 0.036). This was not unexpected, because MseI sites are underrepresented in GC-rich promoters. In the in vivo sample, 22 RISs were retrieved by both methods.
Quantitative tracking of specific integrants. To determine the relative contribution of LMO2-related molecular clones over time, real-time quantitative PCR was set up to specifically amplify the proviral-genomic junction of RISs within the LMO2 locus (S1_049, S4_048, S3_042, and S5_144). Two molecular clones isolated from Pt3 T cells mapping to "neutral" regions of the genome (S3_082 and S3_116) were used as control of physiological clonal fluctuations. Quantitative PCR analysis was performed on 50 ng of genomic DNA, directly isolated from sorted cells, using the specific unique genomic flanking primers in combination with common LTR primer and probe (Primm). The primers sequence were as follows: LTR primer, 5′-GTTTGCATCCGAATCGTGGT-3′; LTR probe, 6-FAM-TCTCCTCTGAGTGATTGACTACCCACGACG-TAMRA; S1_049 primer, 5′-GGAATCAGGCACCTTCTCTCTC-3′; S4_048 primer, 5′-GGTTAA-GATCACAGGCTGTGGTG-3′; S3_042/S5_144 primer, 5′-TCTCTCCTAT-CAGCCAATAAAGGG-3′; S3_082 primer, 5′-CGGCTCGGGTGTCCTG-3′; S3_116 primer, 5′-AAGTGTCGGTGTTAGTACCC-3′.
Each set of primers allowed us to unambiguously track the corresponding clone, as assessed by the absence of amplification in samples from different patients. The frequency of each individual clone, expressed as the proportion of cells that contained the specific vector sequence, was calculated on the basis of a standard curve of the relative integrants diluted in untransduced PBLs (from 5 × 10 4 to 5 × 10 0 ).
Real-time PCR analysis for LMO2 expression. Total RNA was isolated from CD3 + , CD4 + , and CD8 + T cells as well as CD15 + granulocytes purified either from GT-treated patients, untreated patients with ADA-SCID, or age-matched healthy donors. The RNA was reverse transcribed using the Archive Kit (Applied Biosystems). Expression analysis of LMO2 was carried out with the TaqMan system, developed as a custom Assay-On-Demand by Applied Biosystems. The data were analyzed by the ABI PRISM 7700 with the sequence detector system software (version 1.9.1; Applied Biosystems). LMO2 expression was determined by relative quantification method. Essentially, 2 standard curves of serially diluted cDNA, obtained from 1 healthy donor granulocyte sample, were set up to amplify the target gene and the HPRT housekeeping gene as an endogenous control. The LMO2 expression in the normalized samples was expressed as fold difference relative to the reference sample as calibrator.
Gene expression profiling. RNA was isolated from BM-derived CD34 + cells (n = 2) cultured ex vivo according to the cytokine conditions used in the clinical protocol and from primary CD3 + T cells (n = 5). The transcribed biotinylated cRNA was cleaned up using RNeasy spin columns (Affymetrix), fragmented, and hybridized to an Affymetrix HG-U133A Gene Chip Array. The scanned images were analyzed using Microarray Suite (MAS) software (version 5.0; Affymetrix), and the signal intensity of detected transcripts (probesets) was determined with the MAS 5.0 absolute analysis algorithm. Following interarray normalization of overall fluorescence intensities, the differences in gene expression levels were expressed as numeric values. In the correlation between RISs and gene activity, the expression values of each probeset classified as present by the software were assigned to 3 arbitrary classes corresponding to 0-25, 25-75, and 75-100 percentiles of expression level of all present genes (probesets) in a normalized data distribution.
Functional clustering analysis. Probesets corresponding to genes targeted by retroviral vector insertions were analyzed for functional clustering into specific categories according to GO criteria. The probability of overrepresentation of each category was determined using the EASE bioinformatics package from NIH-DAVID (http://david.abcc.ncifcrf.gov/ease/ease.jsp). The default metric used by EASE to rank categories of genes by overrepresentation provides the EASE score. Results were corrected for multiple comparisons with the Bonferroni-Holm correction (α = 0.05).
Bioinformatics. The bioinformatics analysis was performed by dedicated Perl scripts allowing for the storage, retrieval, analysis, and summary of the data through a back-end MySQL database (http://www.mysql. com/). Human RefSeq chromosome sequence text-based FASTA files for the May 2004 human genome freeze (NCBI Entrez Genome, version 35) were downloaded from the NCBI genome project website (http://www. ncbi.nlm.nih.gov/sites/entrez?db=genomeprj&cmd=Retrieve&dopt=Ove rview&list_uids=9558) and converted to be used in local BLAST search. Coordinates of RefSeq genes and other annotation tables for the same genome reference sequence freeze were accessed through the Ensembl Perl API from the Ensembl genome project. In the present study, we assumed the definition of "gene" as the genomic region between the TSS and stop boundaries of one of the 24, 194 RefSeq genes mapped to the human genome as reported by Wu et al. (6) .
Statistics. Statistical analysis was performed with R statistical software (version 2.1.1; http://www.r-project.org). Overall the significance level chosen was α = 0.05. To investigate whether some regions proximal to the TSS are favored by integration, we measured the distance between each RIS and the TSS of genes immediately upstream or downstream. These distances were normalized according to gene length and orientation and they followed a β distribution (see below). This is a simple procedure to address the problem of integration occurring in areas with different gene density. The hypothesis of random distribution in probability terms is equivalent to assuming uniform distribution. Comparison between observed integration distribution and expected random integration was performed by Kolmogorov-Smirnov test based on confidence intervals of 95% built on bootstrap replications. Comparisons between in vitro and in vivo frequencies were tested with a Pearson c 2 test (for details on the statistical procedure, see Supplemental Methods). In the gene expression studies, given the different sample sizes of pretransplant and posttransplant groups, an asymptotic approximation was considered via the Monte-Carlo method based on 50,000 or 100,000 replications to account for the difference in the distribution between each sample. Statistical significance was evaluated by a parametric likelihood test, distributed as a c 2 test. Analysis of overrepresentation of probeset classes in the RIS data set was performed by means of both Fisher exact test and EASE score. The results were corrected for multiple testing errors within each data set and/or system combination with Bonferroni-Holm correction methods.
